Among the methods mentioned above, adsorption process is one of the most widely used methods for elimination of dye from industrial waste solutions. Activated carbon obtained from various sources has been often used as adsorbent for the removal of dyes due to its high adsorption capacity [3, 12, 14, 15] . However, activated carbon is not economically feasible for large scale applications because of its high cost of production and regeneration. Hence, the use of the adsorbents having low cost can be advantageous for elimination of dyes from wastewater by adsorption process. The materials that have been used for this purpose include both natural materials and wastes, and byproducts generated from many industries. These materials are widely known as low-cost adsorbents. Among these alternative adsorbent sources, natural materials (ores or minerals) can be used for the removal of various species from wastewaters owing to its low-cost and abundance [2, 4, 20] . Methylene blue is one of the colored organic compounds, and it is mainly used for dying cotton, wool, and silk [2, 5] . For removal of methylene blue from wastewaters generated various industrial plants, active carbon manufactured different sources [2-4, 12, 21] , saw dust [22] , natural ores and their wastes [23] [24] [25] , different clays [26, 27] , biomass [5, 28] , and agricultural solid wastes [29, 30] have been used as low-cost adsorbents. Manganese is the twelfth most abundant element in the earth's crust. The most common mineral is pyrolusite, which is mainly MnO 2 . Low-grade pyrolusite ore in its natural state has little commercial value. For this reason, it is usually treated and converted into the metal or other more valuable manganese compounds. This ore is essentially used for the production of manganese sulfate. This ore contains iron oxide, silica, and clay minerals in addition to manganese oxide depending on the ore source. These oxides and clay minerals existed in ore matrix have adsorbent feature, and they exhibit high potential for adsorption of various species. Hence, pyrolusite ore can use as a low-cost adsorbent in the adsorption process because of its abundant in the natural state, ease of availability, and direct use without pretreatment [31, 32] . The adsorptions of various inorganic and organic species using pyrolusite and manganese nodules have been examined by different researchers. Manganese ores supplied from different locations, manganese nodules, and leach residues of manganese ores have been utilized for elimination of various inorganic and organic species from aqueous solutions by adsorption process [23, [33] [34] [35] [36] [37] [38] [39] . The aim of this study is to investigate the use of pyrolusite as an alternative adsorbent material for the removal of methylene blue dye from aqueous solutions. The effects of the experimental parameters, including initial solution concentration and contact time, adsorbent dosage, initial solution pH, stirring speed, and particle size on the adsorption of methylene blue dye from aqueous solutions have been studied.
EXPERIMENTAL
The pyrolusite ore sample used in this experimental study was provided from Konya, Turkey. The ore sample was crushed, ground, and then sieved using standard test sieves to obtain different particle size fractions. The original ore sample was analyzed, and it was determined that the mineral contained 57.66% MnO 2 , 10.00% CaO, 8.04% Fe 2 O 3 , 7.08% SiO 2 , 0.93% Al 2 O 3 , 0.44% MgO, 15.85% loss of ignition (at 800°C). The mineralogical composition of the pyrolusite ore was determined by X-ray diffraction analysis using a Rigaku RadB-DMAX II model X-ray diffractometer. The X-ray diffraction pattern of the ore sample is shown in Figure 1 . The batch adsorption tests were performed in 100 ml conical flasks placed on a magnetic stirrer. In each adsorption test, after a volume of 50 ml dye solution at a definite concentration was placed into the glass flask, a given amount of pyrolusite was added to the dye solution.
The initial pH of test solutions was adjusted using diluted H 2 SO 4 or NaOH. The pH values of the sample solutions were determined using WTW pMx2000 pH meter. All adsorption experiments were carried out at laboratory temperature. The adsorption process was performed for various contact times. The concentration of dye in the aqueous solution after adsorption tests was analyzed using UV spectrophotometer (Shimadzu UV-1800). The absorbances of methylene blue solutions having different concentrations were measured at various wavelengths, and maximum absorbance was determined at wavelength of 662 nm. Thus, the absorbance of residual concentration of methylene blue after adsorption process was measured at wavelength of 662 nm. The amount of dye adsorbed by pyrolusite ore was calculated from difference between the dye concentration before and after adsorption. The percentage of dye removal and the amount of dye adsorbed per unit mass of ore were evaluated by using the following equations, respectively.
where:
RESULTS AND DISCUSSION

Determination of optimal adsorbent dosage:
To determine the optimum adsorbent dosage for different concentrations of methylene blue, the experiments were performed at five different pyrolusite dosages in the range of 0.2-0.6 g while the initial concentrations of the solution containing methylene blue dye were changed from 10 to 150 ppm. While practicing these experiments, the values of the contact time, total volume of dye solution, particle size of pyrolusite, and agitation speed of solution were kept constant at 60 min, 50 ml, 89.5 µm, C i and C t -initial and residual concentration at t time (mg/l), C e -equilibrium concentration (mg/l) q e -amount of adsorbed dye per unit mass of adsorbent at equilibrium (mg/g), V -initial volume of the adsorption solution (l) m -mass of adsorbent (g).
and 250 rpm, respectively. In these tests, the initial pH of dye solutions was 6. Figure 2 shows the effect of the adsorbent dosage on the adsorption of methylene blue at different initial concentrations.
As can be seen in Figure 2 , the percentage of the adsorbed dye decreased for the same amount of pyrolusite as the initial concentration increased. In other words, the amount of the adsorbed dye increased for the same initial concentration of methylene blue when the amount of pyrolusite increased. For all initial dye concentrations, the maximum dye removal occurred at 0.6 g adsorbent dosage. After 60 min adsorption time, the extent of removal of dye from the solution at the amount of adsorbent dosage of 0.6 g was 94%, 91%, 88%, 71%, 59%, and 35%, at 10, 25, 50, 75, 100, and 150 ppm of concentration, respectively.
An increase the adsorbent dosage for a given initial dye concentration or a decrease the adsorbate concentration for a defined adsorbent dosage can provide a greater surface area or adsorption sites between adsorbent and dye molecules. Thus, the extent of methylene blue adsorption increases.
Effect of particle size of pyrolusite on adsorption:
The adsorption extent is proportional to the surface area of the solid adsorbent because the adsorption is a surface event. Therefore, more finely divided solid can provide more surface area per unit weight of a solid adsorbent. Hence, the effect of particle size of pyrolusite on adsorption process was studied using the average size fractions of 115, 89.5, 68.5, and 63 µm. In these tests, the values of the initial concentration of dye solution, total volume, initial pH, adsorbent dosage, contact time, and stirring speed were chosen to be 50 ppm, 50 ml, 6, 0.6 g, 60 min, and 250 rpm, respectively. The results obtained from these experiments are shown in Figure 3 . As can be seen Figure 3 , the percentage of the adsorbed methylene blue increased with a decrease in particle size of pyrolusite.
Effect of initial pH of solution on adsorption:
The effect of the initial pH of dye solution on adsorption process was investigated at the pH of 3, 4, 5, and 6. In Fig.3 . Effect of average particle size on dye adsorption these tests, the initial concentration of dye solution, total volume, stirring speed, particle size, contact time, and adsorbent dosage were fixed at 50 ppm, 50 ml, 250 rpm, 63 µm, 60 min, and 0.6 g, respectively. The results obtained from these experiments were given in Figure 4 . It can be seen from this figure that the extent of methylene blue adsorption increased with increasing the initial pH. Methylene blue is a cationic dye. Therefore, adsorption of methylene blue increases because electrostatic interaction can improve between absorbent and dye molecules with increasing pH of solution.
Fig.4. Effect of initial pH of solution on dye adsorption
Effect of stirring speed on adsorption:
Experiments were carried out at stirring speeds of 150, 200, 250, and 300 rpm to observe the effect of the stirring speed on adsorption of methylene blue by pyrolusite ore. In these experiments, the initial concentration of dye solution, total volume, particle size, contact time, adsorbent dosage, and initial pH of solution were selected to be 50 ppm, 50 ml, 63 µm, 60 min, 0.6 g, and 6, respectively. Figure 5 shows the experimental results concerning the effect of stirring speed on adsorption of methylene blue. These results show that the amount of adsorbed dye increases with increasing stirring speed.
Effect of contact time on adsorption:
The effect of contact time on adsorption process was examined in the range 0-180 min for different concentrations (25, 50, 75, and 100 ppm) of methylene blue. In these tests, the values of volume of sample solution, particle size, adsorbent dosage, and initial pH of solution were kept constant at 50 ml, 63 µm, 0.6 g, and 6, respectively.
The results obtained from these experiments are given in Figure 6 . It can be said from observed results that adsorption of methylene blue by pyrolusite is considerably fast in the first 20 min, and afterwards the adsorption of dye occurs gradually and reaches the equilibrium at about 60 min. It can be attributed to that there is considerable vacant surface sites for initial stage of process.
In adsorption process, the equilibrium between the adsorbent and adsorbate is described by adsorption isotherms. The isotherms indicate the relation between the equilibrium concentration in the solid phase and in the aqueous phase for the adsorbate molecules when the process reaches an equilibrium state. Various adsorption isotherms have been developed to realize the interaction between the adsorbed molecules and the solid adsorbent. Among these isotherm models, the Freundlich and Langmuir models are the most widely applied isotherms for various adsorption processes [5, 14] . In this study, these two isotherm models were applied to analyze the adsorption data obtained from the experiments.
The Freundlich model assumes that the adsorption occurs on the heterogeneous surface of the solid adsorbent.
On the other hand, the Langmuir model supposes that the adsorption takes place on a homogeneous surface by monolayer sorption without interaction between adsorbed molecules [5, 14] . The linear forms of the Freundlich and Langmuir isotherm equations are given as follows:
(for the Freundlich model)
(for the Langmuir model)
If the adsorption process obeys the Freundlich model, then the left side (logq e ) of Eq. (3) versus logC e must be straight line. On the other hand, if the adsorption process obeys the Langmuir model, then the left side (C e /q e ) of Eq. (4) versus C e must be straight line. When the experimental data obtained were plotted for the Freundlich model, straight line with low correlation coefficient was observed. Therefore, it can be said that the Freundlich model was inappropriate for this study. The adsorption data were then analyzed by using the Langmuir model. When the graph of the left side (C e / q e ) of Eq. (4) versus C e was drawn using the adsorption data, straight line with high correlation coefficient was found. Figure 7 represents the lot of C e /q e versus C e for Fig. 7 . The Langmuir isotherm plot for dye adsorption on pyrolusite ore. [21] . This is expressed as follows:
The values of R L indicate the nature of the adsorption process. A value of R L in the range from 0 to 1 indicates that the adsorption process between the adsorbent and adsorbate is favorable under the experimental conditions performed. This also indicates that the Langmuir isotherm is valid for adsorption process. The values of R L were found to be 0.0213, 0.0107, 0.0072, and 0.0054 at concentrations of 25, 50, 75 and 100 ppm, respectively. All the findings mentioned above show that the adsorption of methylene blue dye by pyrolusite ore follows the Langmuir isotherm model. The kinetic analysis of the adsorption processes is generally performed using pseudo-first order and pseudo-second order kinetic models. The equations describing these kinetics models are as follows:
(for the pseudo-first order kinetic)
(for the pseudo-second order kinetic)
To determine the kinetic model of the adsorption between pyrolusite ore and dye, the plot of ln(q e -q t ) versus t for the pseudo-first order kinetic was drawn using the experimental data obtained . For the pseudo-second order kinetic, the plot of the left side of Eq. (7), t/qe, versus t was constructed. It was observed that the low correlation coefficients were obtained for the pseudofirst order kinetic model. Figure 8 shows the graph Fig. 8 . The pseudo-second order kinetic plot for dye adsorption.
constructed for pseudo-second order kinetic model. The slopes of the straight lines in Figure 8 are 1/qe, and the intercepts are 1/k 2 q e 2 for the pseudo-second order kinetic The values of the rate constants and correlation coefficients determined from Figure 8 are given in Table 1 .
In addition, it can be seen in Table 1 that the q e values calculated from the intercepts of the straight lines in Figure 8 are good agreement with the q e values determined experimentally. The values of the correlation coefficients and the agreement between the q e values indicate that this adsorption process follows the pseudosecond order kinetics.
CONCLUSIONS
In this study, pyrolusite ore has been used as an alternative adsorbent for the removal of methylene blue dye from aqueous solutions. The effects of the initial concentration of solution, adsorbent dosage, particle size of adsorbent, stirring speed of solution, and initial pH of solution on dye adsorption were investigated. It was determined that the percentage of the adsorbed dye increased with increasing the pyrolusite dosage, stirring speed and initial pH, and with decreasing the average particle size of adsorbent and initial concentration of dye. Depending on the experimental conditions, it was observed that methylene blue was removed at high rates from aqueous solution. The isotherm and kinetic analysis showed that the equilibrium data followed the Langmuir isotherm model while the process kinetic obeyed the pseudo-second order kinetic model. According to findings obtained, it can be said that the methylene blue adsorption process by pyrolusite ore occurs by chemisorption. The present work suggests that the pyrolusite ore can be utilized as a relatively low-cost adsorbent for the removal of dye from wastewaters because the ore is available in its natural state without any need for a preliminary process.
